Our laboratory has previously shown that after immunization with a strain of Salmonella typhimurium, SL3235, made avirulent by a blockage in the pathway of aromatic synthesis, murine splenocytes were profoundly suppressed in their capacity to mount an in vitro antibody plaque-forming cell (PFC) response to sheep erythrocytes. Evidence indicated that suppression was mediated by nitric oxide (NO), since the in vitro addition of N G -monomethyl-L-arginine blocked suppression. The present studies examined the effect of blocking NO production on Salmonella-induced immunosuppression by in vivo administration of aminoguanidine hemisulfate (AG). AG was administered to C3HeB/FeJ mice in their drinking water (2.5% solution) for 7 days prior to intraperitoneal inoculation with SL3235. AG treatment inhibited the increase in nitrate and nitrite levels in plasma and nitrite levels in the spleen seen in immunized mice. Importantly, AG treatment completely blocked suppression of the splenic PFC response and markedly attenuated the suppression of the response to concanavalin A in immunized mice, providing further evidence that Salmonella-induced immunosuppression is mediated by NO. AG treatment also alleviated the majority of the splenomegaly associated with SL3235 inoculation, which correlated with a blockage of influx of neutrophils and macrophages into spleens, as assessed by flow cytometry. AG treatment unexpectedly resulted in 90% mortality in mice injected with the highly attenuated vaccine strain of Salmonella, SL3235. Increased mortality in AG-treated mice correlated with inability to clear organisms from the spleen by day 15 postinoculation and with persistent bacteremia, compared with control mice. Collectively, these in vivo results underscore the dual biological consequences of NO production following Salmonella infection, with NO being necessary for host defense, but also having the potentially adverse effect of immunosuppression. A unifying hypothesis to explain how these seemingly paradoxical effects could both result from NO production is presented.
A variety of attenuated strains of Salmonella typhimurium with precise genetic lesions are being considered as live, oral vaccines for typhoid fever (10, 32, 39) . Attenuated Salmonella strains also have potential as vectors for presentation of heterologous passenger antigens of unrelated pathogens to the immune system (10) . Mouse models of Salmonella infection have been used extensively to evaluate the feasibility of various attenuation strategies (22) and guest antigen immunization (10) .
Our laboratory has previously shown that inoculation with SL3235, an avirulent strain of S. typhimurium, developed by Hoseith and Stocker (32) that has a defined, nonreverting blockage in the aroA gene, induced long-term protection against challenge with virulent Salmonella and transient crossprotection against Listeria monocytogenes (37) . Paradoxically, SL3235 also induced profound suppression in splenocyte immune functions (19) . Other strains of Salmonella with different attenuating mutations also produced immunosuppression (20) . Splenocytes from SL3235-immunized mice were suppressed in their ability to mount an in vitro plaque-forming cell (PFC) response to sheep erythrocytes (SRBC) (2, 3, 20) and to proliferate in response to mitogens (19, 38) . Evidence indicated that the suppression was mediated by macrophages, since removal of adherent cells markedly reduced suppression and purified adherent cells added to normal cultures were suppressive (2, 34, 38) . Further, suppression did not require cell contact, since immune cells suppressed normal cells across a filter (2) . Macrophage-derived nitric oxide was implicated as the suppressor factor, based on the observations that spleen cells isolated from mice immunized 7 days after SL3235 infection produced high levels of nitric oxide and that in vitro addition of the nitric oxide synthase (NOS) inhibitor N Gmonomethyl-L-arginine (NMMA) blocked the suppression of the PFC response (4) . Addition of NMMA to concanavalin A (ConA)-stimulated cultures of immune spleen cells also reversed suppression when immune splenocytes were cocultured with normal splenocytes to decrease the number of nitric oxide-producing cells under L-arginine-limited conditions (34) .
To further examine the role of nitric oxide in vivo in immunosuppression, we have administered the inducible NOS (iNOS) inhibitor aminoguanidine sulfate (AG) to mice in their drinking water. AG treatment completely prevented suppression of the splenic PFC response and partially reduced the suppression of the response to ConA in immunized mice, providing further evidence that immunosuppression is mediated by nitric oxide. Unexpectedly, AG treatment also resulted in a high degree of mortality of mice inoculated with the attenuated vaccine strain of Salmonella, SL3235. This result is of interest because there is some controversy about the role of NO in host resistance to Salmonella. These results show that NO or its derivatives mediate immunosuppression following attenuated Salmonella inoculation and that NO is vital in the host defense against even attenuated Salmonella.
Mishell-Dutton PFC assay. Splenocytes (10 7 per ml) in RPMI 1640 with HEPES buffer (GIBCO), with 1 mM nonessential amino acids (GIBCO), 1 mM sodium pyruvate (M.A. Bioproducts), 0.05 mM 2-mercaptoethanol (Sigma), 2 mM L-glutamine (GIBCO), 10 mg each of guanosine, uridine, adenosine, and cytosine (Sigma), 10% endotoxin-free fetal bovine serum (HyClone), and 50 g of gentamicin per ml (GIBCO) were plated into 24-well plates (Costar). SRBC (Rockland Inc., Gilbertsville, Pa.) were added at 3.5 ϫ 10 6 per ml, and the cultures were incubated at 37°C in 7% O 2 Ϫ 10% CO 2 Ϫ 83% N 2 for 5 days in a sealed chamber. The number of antibody-producing cells based on plaque production was determined by the method of Cunningham and Szenberg (11) . In some cultures 1.25 mM NMMA (Sigma), a nitric oxide inhibitor, was added in 50 l. Data are expressed as a suppression index, which is the ratio of PFC responses from H 2 O-SL3235-or AG-SL3235-treated mice to those from H 2 Osaline control animals from the same experiment.
Responses to ConA. Spleen cells were placed in cocultures consisting of 2 ϫ 10 5 cells from infected spleens mixed with 8 ϫ 10 5 normal spleen cells. Control wells had 10 6 normal spleen cells alone in a final volume of 100 l of RPMI in flat-bottom 96-well Costar plates. ConA (0.1 g/well) was added in 50 l of RPMI. In some wells, 1.25 mM NMMA was added in 50 l of RPMI. The final volume in each well was brought to 200 l with RPMI. Cells were cultured for 42 h at 37°C with 5% CO 2 . They were then pulsed with [ 3 H]thymidine (0.5 Ci in 50 l) (Amersham Life Science Inc., Arlington Heights, Ill.) for 6 h and harvested with a multichannel harvester (Inotech, Lansing, Mich.). Thymidine incorporation was determined by counting filters placed in CytoScint (ICN, Irvine, Calif.) liquid scintillation solution with a beta counter (Packard, Downers Grove, Ill.). To calculate [
3 H]thymidine uptake, background counts of wells without addition of ConA were subtracted from those of mitogen-stimulated cells. Mitogen responses are expressed as a suppression index, which is the ratio of cpm from H 2 O-SL3235-or AG-SL3235-treated mice to those from H 2 O-saline control animals from the same experiment. Survival. Groups of mice were treated for 7 days with water containing 2.5% AG or sterile water with no additive. On day 7, they were inoculated i.p. with 7 ϫ 10 5 CFU of SL3235. AG treatment continued through the course of the experiment. The mice were observed daily, and mortality was scored.
Determination of the bacterial burden. Groups of mice were given sterile drinking water or water treated with AG. At 7 days after the start of AG treatment, the animals were infected with SL3235. AG treatment was continued until the mice were sacrificed on the designated day postinfection. The animals were anesthetized with Nembutal sodium (2.5 mg/ml), and blood was obtained by cardiac puncture. Duplicate plates of 0.1 ml of blood or appropriate dilution in sterile saline solution were made by using Levine eosin-methylene blue (EMB) agar plates (DIFCO), and the number of Salmonella colonies was counted. The mice were then sacrificed by cervical dislocation. The spleens and/or livers were aseptically removed and weighted. The organs were homogenized with an SDT Tissuemizer (Tekmar Co., Cincinnati, Ohio) in sterile water at a final volume of 5 ml for spleen samples and 10 ml for liver samples. A 0.1-ml sample of homogenate or appropriate dilution was plated on EMB plates and grown overnight, and the colonies were counted.
Statistics. The significance of differences observed in nitrate and nitrite levels in plasma, flow cytometry, spleen weights, and immune responses of control and AG-treated mice was assessed by analysis of variance followed by Tukey's honestly significant test. For nitrite levels, and bacterial burdens, Student's t test for independent samples was used. Differences were considered significant for P Յ 0.05.
RESULTS

AG treatment reduces nitrate and nitrite levels in plasma.
Mice inoculated with 2 ϫ 10 5 to 4 ϫ 10 5 SL3235 organisms and given water to drink (H 2 O-SL3235) showed significant elevation of nitrate and nitrite levels in plasma by day 5 postinoculation (139 M) (Fig. 1 ). AG treatment of mice inoculated with SL3235 (AG-SL3235) blocked this mean elevation in the nitrate and nitrite levels (59.9 M). The mean levels of nitrate and nitrite in AG-treated, uninfected mice (AG-saline) (59.7 M) were not significantly different from those in control (H 2 O-saline) mice (58.3 M). These results demonstrate that the AG treatment regime was effective in inhibiting the elevation of nitrate and nitrite levels induced in plasma by Salmonella immunization and did not affect the constitutive levels of nitrate and nitrite in plasma.
AG inhibition of splenic nitric oxide and blockage of immunosuppression. We have previously reported that SL3235 inoculation results in the induction of both high levels of NO in the spleen, as assessed by nitrite concentrations in the supernatant of cultured splenocytes, and immunosuppression of the primary PFC response to SRBC (2) (3) (4) 34) . The effect of AG treatment in vivo on these two parameters was assessed. In animals treated with AG (AG-SL3235), splenocyte nitrite levels were greatly reduced ( Fig. 2) , although baseline levels were not obtained. Treatment with AG also completely blocked suppression of the PFC response induced by SL3235 inoculation (Fig. 3A) . AG did not affect the PFC response of mice which were not given SL3235, since the mean response of AG-saline mice was 1,818 PFC/10 7 cells and that of H 2 O-saline mice was 1,932 PFC/10 7 cells, which is not statistically significantly different. AG treatment partially blocked suppression of the response to ConA when cells from immunized mice were cocultured with normal splenocytes (Fig. 3B) .
AG treatment prevents splenomegaly and inhibits cellular infiltration in the spleen. We have previously shown that 7 days after inoculation with SL3235 there is marked splenomegaly (37) . As shown in Fig. 4 , splenomegaly is also observed 5 days after inoculation with SL3235. Treatment of SL3235-immunized mice with AG greatly reduced the splenomegaly to levels near those in saline-inoculated mice. The kinetics of splenomegaly after SL3235 inoculation with or without AG treatment were monitored by using five mice per time point. AG treatment effectively inhibited splenomegaly over the 15 days of the study (data not shown).
Our previous studies showed that splenomegaly induced by SL3235 at 7 days postimmunization was accompanied by increased numbers of neutrophils, macrophages, and precursor macrophages in the spleen (2) . In the present experiments, the cellular composition of the spleen was examined by flow cytometry 5 days after SL3235 inoculation in infected and in AG-treated immunized mice. Table 1 shows that AG treatment blocked the influx of neutrophils and macrophages (Mac-1 ϩ ) into the spleen 5 days after SL3235 immunization. The decrease in the percentage of CD3 ϩ cells observed in spleens of SL3235-inoculated mice was also not apparent in AGtreated animals. The percentage of Ig ϩ cells in the spleen was not altered by SL3235 inoculation or by AG treatment.
Nitric oxide and resistance to Salmonella infection. It was observed that mice treated with AG and inoculated with SL3235 exhibited decreased body weight, a reduction in water intake, ruffled fur, glassy swollen eyes, and listless behavior. These symptoms were not present in AG-treated uninoculated mice (AG-saline) or mice given SL3235 without AG treatment (H 2 O-SL3235), whose appearance was similar to that of the controls (H 2 O-saline). To systematically assess the affect of AG on infection with an attenuated strain of Salmonella, survival of SL3235-inoculated mice after AG treatment was tested. In two separate experiments, mice were treated with AG for 7 days prior to inoculation with approximately 7 ϫ 10 5 SL3235 organisms and AG treatment was continued throughout the experiment. The combined results, presented in Fig.  5 , show that treatment with AG followed by infection with SL3235 resulted in the death of 38 of 42 mice. Death occurred between days 10 and 27. Mice receiving SL3235 but no AG (H 2 O-SL3235) all survived. Treatment with AG followed by i.p. saline injection (AG-saline) was not toxic, since all the mice in this group survived, with no apparent symptoms, for over 90 days.
Effect of AG treatment on the bacterial burden in SL3235-immunized mice. To examine whether mortality in AG-treated, Salmonella-infected mice (AG-SL3235) correlated with increased bacterial replication, parallel groups of mice were treated with AG for 7 days and also inoculated with approximately 7 ϫ 10 5 SL3235 organisms. As above, AG treatment continued until the time of sacrifice. At various time points postinfection, animals were sacrificed and the bacterial burdens in blood, liver, and spleen were determined (Fig. 6) . In AG-treated animals sacrificed on day 5 after SL3235 injection (AG-SL3235), there was little effect on the bacterial burdens in the spleen, liver, or blood compared with those in mice given drinking water without AG (H 2 O-SL3235). By day 10 there was a significantly greater number of bacteria in the spleens and livers of AG-treated animals (AG-SL3235) compared to infected controls (H 2 O-SL3235), with the effect on numbers of organisms in the blood being the most pronounced. Small numbers of bacteria were recovered from the blood of five of seven control mice inoculated with SL3235 (H 2 O-SL3235), and two mice were sterile. More than 9.2 ϫ 10 2 bacteria per 0.1 ml were recovered from all eight AG-treated mice, with a median number of 4.5 ϫ 10 3 /0.1 ml. By day 15, the number of Salmonella in AG-treated mice was 10,000-fold greater in spleens and 1000-fold greater in livers compared with the numbers for control mice. The most dramatic difference between AGtreated and nontreated animals was observed in the number of Salmonella in the blood. By day 15, 8 of 10 control mice had sterile blood whereas all 10 AG-treated mice had large numbers of organisms in the blood, with a median of 7.4 ϫ 10 there was a profound suppression of lymphocyte function as assessed by measuring the ability to mount an in vitro PFC response to SRBC (2, 3, 20) and the ability to proliferate in response to ConA (34, 38) . To further support the role of nitric oxide in mediating immunosuppression following attenuated Salmonella inoculation, the in vivo role of nitric oxide on lymphocyte suppression was examined. The iNOS inhibitor AG, administered in the drinking water of C3HeB/FeJ mice prior to and during infection with attenuated Salmonella, completely inhibited the increase in nitrate and nitrite levels in plasma observed in SL3235-inoculated mice, indicating that the compound was effective in blocking iNOS activity. The AG treatment also greatly diminished in vitro splenic nitrite production observed in infected mice. A major finding of this study is that AG treatment completely abrogated suppression of the splenic PFC response of SL3235-inoculated splenocytes. In addition, suppression of the response to ConA observed in splenocytes of SL3235-immunized mice was partially reversed by AG treatment. Differences in the ease of reversing the suppression of PFC responses and responses to mitogens have been addressed previously (34) . The inability of AG treatment to completely block the suppression of the response to ConA is most likely due to the capacity of ConA to upregulate gamma interferon (IFN-␥) production, resulting in increased nitric oxide production. Huang et al. showed that for complete reversal of the responses to ConA, it was necessary to use cocultures of normal and immune cells and to add NMMA to the medium under L-arginine-limited conditions (34) . The observations that AG treatment in vivo completely blocks suppression of the PFC response or partially blocks suppression of the response to ConA supports the conclusion that nitric oxide is the suppressor factor induced by attenuated Salmonella.
We have previously shown that inoculation of SL3235 resulted in profound splenomegaly (37) , which was due to a massive influx of neutrophils, macrophages, and precursor macrophages (2) . The splenomegaly is a measure of the inflammatory response associated with the infection and correlates with NO levels (20) . In the present study, AG treatment was found to inhibit splenomegaly and to block macrophage and PMN infiltration into the spleens of SL3235-inoculated 
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EFFECT OF NITRIC OXIDE BLOCKAGE ON SALMONELLA 895 mice. The approximately 75% reduction in NO production by immune spleen cells from AG-treated mice correlates with the decreased inflammatory response. These results are in contrast to our previous observations with in vivo anti-IL-12 treatment prior to SL3235 inoculation, which also reduced nitric oxide levels in the spleen by 75% and completely prevented suppression of the PFC response. However, anti-IL-12 only marginally reduced the splenomegaly and had no effect on SL3235-induced changes in splenocyte composition (51) . The present study is consistent with the histological analysis of Umezawa et al., who showed that NMMA, given in vivo, reduced granuloma formation in the livers of mice infected with virulent Salmonella (55). However, since NMMA is not isotype specific, it is unclear whether cNOS or iNOS regulated this inflammatory response. In other infection models using nitric oxide inhibitors, the investigators did not find alterations in cellular inflammatory responses to Listeria monocytogenes (7, 43) , Mycobacterium tuberculosis (8, 26) , Klebsiella pneumonia (54), or Toxoplasma gondii (30, 36) . One explanation for the effect of AG in blocking cellular influx into the spleen is that NO may be directly chemotactic. It has been reported that NO donors in vitro can induce chemoattractant locomotion of human neutrophils though agarose (6) . However, there are also studies which do not support this premise (44, 47) . Alternatively, nitric oxide might regulate chemokines responsible for cell trafficking into sites of inflammation. It has been reported that NO donors enhance MIP-1␣ release and that NMMA can block MIP-1␣ production in vitro (45) . A recent report showed that organisms differ in their capacity to induce MIP-1␣ and that Salmonella is a potent inducer, while other organisms induce the chemokine to a lesser degree (29) , providing a possible explanation for the differences observed in infection models regarding cellular inflammation after NO inhibition. An unexpected finding of the present study was the AGmediated sensitization of mice to the lethality of the attenuated vaccine strain, SL3235. SL3235 has a 50% lethal dose of Ͼ10 7 CFU in normal C3HeB/FeJ mice (37) . AG treatment resulted in a 91% mortality rate at a dose of 7 ϫ 10 5 CFU. Increased mortality correlated with higher bacterial burdens in the spleen, liver, and blood by day 10 postimmunization in AG-treated mice compared to controls and with an inability to clear the organisms from the liver and spleen by day 15. Persistent bacteremia was observed in AG-treated mice compared with untreated controls. Note that bacteria did not replicate to significantly higher levels in the spleens and livers of AGtreated mice; they failed to be cleared. These results show that NO is crucial in protection against even this attenuated Salmonella strain. Previous in vivo studies also supported a role for NO in controlling virulent Salmonella infection, since NO blockage by AG or NMMA treatment enhanced mortality (14, 55) . Blocking NO in vivo also sensitizes mice to other facultative intracellular pathogens of macrophages, including M. tuberculosis (8) , Leishmania major (23, 42) , and Trypanosoma cruzi (33) . Furthermore, AG treatment also increases the mortality of mice infected with an attenuated Salmonella strain that is deficient in a Cu,Zn-SOD (superoxide dismutase) which renders them hypersusceptible to superoxide and nitric oxide (13) . The in vivo observations presented in this paper extend these studies by showing that AG treatment sensitized mice to infection with SL3235, a highly attenuated vaccine strain of Salmonella blocked in aromatic synthesis, a pathway which would not be expected to be related to sensitivity to NO.
The most straightforward interpretation of the in vivo observations showing such dramatic effects of blockage of NO by AG on the ability to control attenuated Salmonella infection is that macrophage-derived NO plays a major role in the salmonellacidal pathway. The observations that mice lacking CD4 ϩ T-cell receptor (TCR) ␣␤ cells (31) , athymic mice (53), or mice unresponsive to IFN-␥ (31) are highly susceptible to aroA inoculation could be interpreted as suggesting that each of these defects in the immune system interferes with the capacity to generate or respond to IFN-␥ and thus to generate NO, in order to resolve an aroA infection. The failure to recruit inflammatory effector cells to the spleen and other sites of infection may also contribute to the lack of bactericidal activity. The lack of PMNs and macrophages in the spleens of AGtreated mice may allow bacteria to escape into the bloodstream, resulting in bacteremia and death.
Nitric oxide has been reported to be cytotoxic for many organisms, particularly those that are intracellular pathogens of macrophages. In vitro studies have shown that M. bovis (25) , M. tuberculosis (9) , M. leprae (1), M. avium (15), L. major (28, (40) (41) (42) , Trypanosoma species (46, 56) , Brucella abortus (35) , and Francisella tularensis (5) are all killed through an NOmediated pathway. However, the literature suggests that nitric oxide alone is insufficient to kill Salmonella (48) . DeGroote et al. have reported that peroxynitrite (ONOO Ϫ ), formed by the reaction of NO with superoxide, killed virulent Salmonella, as well as Salmonella mutants deficient in antioxidant defenses (12, 14) . This group also reported that the reaction of NO with thiol-containing molecules to form S-nitrosothiols results in an oxygen-independent Salmonella cytostasis (12, 24) . The complexity of the macrophage-killing mechanisms against Salmonella is demonstrated by a recent study showing that macrophages from iNOS knockout mice were still salmonellacidal, in contrast to macrophages lacking the 91-kDa subunit of the respiratory burst oxidase, which were unable to kill Salmonella (52) . Since there may be several pathways to salmonellacidal activity and they may intersect, the in vivo studies of the role of NO in host defense against Salmonella addressed in the present paper are of added interest.
SL3235 inoculation induces both a profound immunosuppression and high levels of protection against challenge with virulent Salmonella, a finding we have called paradoxical (16) . The results with AG point to the conclusion that NO mediates both immunosuppression and resistance to infection (16, 18, 21) , since AG reverses suppression and sensitizes mice to Salmonella infection. We have previously suggested that the induction of macrophage NO represents a primitive alarm response of the host to a life-threatening microbial infection that targets macrophages (18) . Whether NO or reactive nitrogen intermediates are directly microbicidal or act by inducing influx of inflammatory cells, inhibition of this pathway leads to failure to reduce bacterial burdens. With regard to immunosuppression, we have proposed that it results from inhibition of lymphocyte function due to a bystander cytostasis mechanism, in which lymphocytes in the vicinity of NO-secreting macrophages are inactivated (18) . While the present paper does not address the mechanism of action of NO, the results show that the activity of NO on lymphocytes consists of suppression of the ability of the host to respond to new antigens or mitogens. This undesirable immunosuppression can be viewed as a side effect of macrophage activation, which is necessary to contain the invading pathogen, but may provide a window of immunologic immunosuppression to other pathogens or antigens. Our studies indicate that the suppression is transient, since it begins to wane about 3 weeks postinfection (38) . It should be emphasized that the suppression we observed is to heterologous antigens presented to the host after vaccination. This issue is particularly important, since oral vaccines with passenger antigens are being considered for use in less developed parts of the world, where malaria, leishmaniasis, and other parasitic diseases are endemic. These target populations might be expected to be at greater risk for exposure to some other infectious agents in the period following immunization than are populations in the industrialized world. On the other hand, we have shown that maximal suppression occurs at the same time as the induction of tumoricidal and leishmaniacidal activity in peritoneal macrophages and cross-protection against challenge with Listeria (37, 49). If macrophage activation and NO production are responsible for both the protective and the suppressive aspects of vaccination with attenuated Salmonella, it might be expected that during the initial weeks after immunization vaccinated populations might actually have a period of nonspecific resistance to other, unrelated intracellular pathogens of macrophages. At present, there is no experimental evidence about whether immunosuppression to heterologous antigens occurs after oral inoculation of aroA strains in mice or humans. Immunomodulation as a consequence of vaccination is a crucial issue that should be further addressed in Salmonella vaccine development.
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